ABSTRACT The objective of this study was to construct a single nucleotide polymorphism (SNP)-based genetic map at the cultivated tetraploid level to locate quantitative trait loci (QTL) contributing to economically important traits in potato (Solanum tuberosum L.). The 156 F 1 progeny and parents of a cross (MSL603) between "Jacqueline Lee" and "MSG227-2" were genotyped using the Infinium 8303 Potato Array. Furthermore, the progeny and parents were evaluated for foliar late blight reaction to isolates of the US-8 genotype of Phytophthora infestans (Mont.) de Bary and vine maturity. Linkage analyses and QTL mapping were performed using a novel approach that incorporates allele dosage information. The resulting genetic maps contained 1972 SNP markers with an average density of 1.36 marker per cM. QTL mapping identified the major source of late blight resistance in "Jacqueline Lee." The best SNP marker mapped 0.54 Mb from a resistance hotspot on the long arm of chromosome 9. For vine maturity, the major-effect QTL was located on chromosome 5 with allelic effects from both parents. A candidate SNP marker for this trait mapped~0.25 Mb from the StCDF1 gene, which is a candidate gene for the maturity trait. The identification of markers for P. infestans resistance will enable the introgression of multiple sources of resistance through marker-assisted selection. Moreover, the discovery of a QTL for late blight resistance not linked to the QTL for vine maturity provides the opportunity to use marker-assisted selection for resistance independent of the selection for vine maturity classifications. Felcher et al. 2012; Douches et al. 2014) . Similarly, recent advances in the development of statistical models that incorporate allele dosage information (i.e., the number of copies of each allele at a given polymorphic locus) have significantly increased the power of SNP data to detect recombination between loci and for interval mapping of QTL in autopolyploids (Hackett et al. 2013 (Hackett et al. , 2014 . There is a great need to identify markers linked to disease resistance genes and agronomic traits in potato to apply MAS for cultivar development. Late blight of potato caused by Phytophthora infestans (Mont.)
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Marker-assisted selection (MAS) has been used in plant breeding but has lagged behind in certain crops such as potato (Solanum tuberosum ssp. tuberosum) because of complex genome structure, limiting linkage analysis to economically important traits. Cultivated autotetraploid potato (2n = 4x = 48) presents unique challenges for generating linkage maps. Population size and number of segregating markers required are both dictated by the complex nature of tetrasomic inheritance (Hackett et al. 1998 ). Comparatively few genetic markers are currently used in varietal potato breeding at the tetraploid level, probably resulting from the limited number of genetic analyses conducted at the tetraploid level. The recent development of the Infinium 8303 Potato Array has provided a genome-wide set of single-nucleotide polymorphism (SNP) markers that can be used in tetraploid mapping and quantitative trait locus (QTL) analysis (Hamilton et al. 2011; Felcher et al. 2012; Douches et al. 2014) . Similarly, recent advances in the development of statistical models that incorporate allele dosage information (i.e., the number of copies of each allele at a given polymorphic locus) have significantly increased the power of SNP data to detect recombination between loci and for interval mapping of QTL in autopolyploids (Hackett et al. 2013 (Hackett et al. , 2014 . There is a great need to identify markers linked to disease resistance genes and agronomic traits in potato to apply MAS for cultivar development. Late blight of potato caused by Phytophthora infestans (Mont.) Copyright © 2015 Massa et al. doi: 10.1534 Manuscript received July 13, 2015; accepted for publication September 3, 2015; published Early Online September 14, 2015. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons. org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Supporting information is available online at www.g3journal.org/lookup/suppl/ doi:10.1534/g3.115.019646/-/DC1 1 de Bary, is one of the most devastating diseases of cultivated potato. MAS can be one of the more efficient methods for the introgression of resistance into commercially desirable cultivars (Gebhardt et al. 2004) . To date, numerous late blight resistance (R) genes/QTL have been identified in various Solanum species and used for MAS in cultivated potato (reviewed in Tiwari et al. 2013; Ramakrishnan et al. 2015) . First introgressions were derived from the highly resistant hexaploid species Solanum demissum, which is the source of 11 single dominant R genes (Gebhardt et al. 2004) . However, R gene-based qualitative resistance may provide only transient resistance against P. infestans infection.
Previous works have shown that a more durable and greater level of resistance is achieved by pyramiding resistance through the introgression of multiple resistance genes (Nelson 1972) . For instance, pyramiding P. infestans genes R Pi-mcd1 and R Pi-ber in diploid S. tuberosum populations resulted in improved late blight resistance (Tan et al. 2010 ) compared with nontransformed cultivars. Similarly, a combination of at least five different R genes was shown to confer both qualitative and quantitative durable late blight resistant to the potato cultivar "Sarpo Mira" (Rietman et al. 2012) . Therefore, late blight resistance genes/QTL identified through genetic mapping would be very useful in n Table 1 Summary of the parental linkage maps, "Jacqueline Lee" (JL) and "MSG227-2" (G227-2) the introgression of resistance into commercial cultivars via markerassisted pyramiding. The primary aim of this research was to construct a genetic linkage map at the cultivated tetraploid level to locate QTL contributing to resistance to isolates of the US-8 genotype of P. infestans. Because of the strong evidence supporting the correlation between late blight resistance and lateness in plant maturity under long day conditions (Bormann et al. 2004) , our study assessed plant maturity type to determine the linkage relationships among loci controlling both traits. The use of allele dosage information to generate the genetic maps in the tetraploid mapping population "Jacqueline Lee" · "MSG227-2" allowed the identification of major QTL for the traits. Candidate SNPs explaining most of the phenotypic variation could be linked to the potato reference genome. These SNPs are prime candidates for MAS for late blight resistance and vine maturity.
MATERIALS AND METHODS

Plant material
The mapping population MSL603 consists of 156 F 1 plants resulting from a cross between the cultivar "Jacqueline Lee" (Douches et al. 2001) the female parent and the MSU breeding line "MSG227-2" the male parent. "Jacqueline Lee" has an oval type tuber with light-yellow colored flesh, has general foliar resistance to a range of genotypes of P. infestans, and is susceptible to potato common scab (Streptomyces scabies) (Douches et al. 2001; Driscoll et al. 2009 ). The MSU-bred line "MSG227-2" ("Prestile" · "MSC127-3") is resistant to potato common scab but susceptible to late blight (Driscoll et al. 2009 ).
Phenotypic data
Potato late blight screening was conducted at MSU Muck Soils Research Farm, Bath, Michigan during the summers of 200222003. Each year, the plots were inoculated in late July with a zoospore suspension of the US-8 genotype through the irrigation system (Kirk et al. 2005) . Three replications of the MSL603 population and parents were planted from tubers in early June in a randomized complete block design. Potato late blight severity was assessed by visually estimating percent coverage of foliar late blight lesions present in five-plant plots (Kirk et al. 2005; Young et al. 2009 ). Each plot was evaluated on at least seven occasions over approximately a 1-mo period after inoculation and completed when susceptible lines were 100% infected in both years of the study. The average of the relative area under the disease progress curve (RAUDPC) for each line (Kirk et al. 2005 ) was calculated and used for the QTL analyses. To assess late blight severity, the RAUDPC mean values were subjected to analysis of variance and then compared by the Scott-Knott clustering algorithm (Scott and Knott 1974) with an a value of 0.05, using the 'ScottKnott' R package (Jelihovschi et al. 2014) .
Variance components of the RAUDPC scores from 2002 and 2003 were estimated by the restricted maximum likelihood method with years as fixed effects. Results were used to estimate broad sense heritability as follows:
where s 
SNP genotyping
DNA from the parents and progeny was extracted from freeze-dried leaf tissue using QIAGEN DNeasy Plant Mini Kits (QIAGEN, Germantown, MD), quantified with the Quant-iT PicoGreen assay (Invitrogen, San Diego, CA), and adjusted to a concentration of 50 ngÁmL 21 . Genomewide SNP genotyping was performed with the Infinium 8303 Potato Array as described by Felcher et al. (2012) . The Illumina GenomeStudio software (Illumina, Inc., San Diego, CA) was used to extract SNP theta scores for further analyses.
Data processing
The SNP genomic positions are reported based on the PGSC Version 4.03 Pseudomolecules of the reference Potato Solanum tuberosum group Phureja DM1-3 516 R44 (Sharma et al. 2013) . Only SNPs uniquely aligned to the reference genome were considered for further analysis. The Infinium 8303 Potato Array SNPs aligned to the PGSC Version 4.03 Pseudomolecules are available from Spud DB Web site .
Three filtering steps initially were applied to identify candidate SNPs suitable for further analysis as described (Hackett et al. 2013) . First, SNPs were retained if the trimmed range between the 2% and 98% quantiles was equal or greater than 0.1. This step excluded monomorphic markers and removed any possible influence of outliers. Second, the theta values were modeled as a smooth function using locally weighted regression to remove SNPs showing a significant trend and/or n differences between plates (with P , 0.0001) (Cleveland 1979; Hackett et al. 2013) . Third, SNPs with missing theta values were removed.
Genotype calling and allele dosage estimation Five allele dosages are possible in a full-sib autotetraploid mapping population (AAAA, AAAB, AABB, ABBB, BBBB). To call genotypes using allele dosage information, we ran an application of a test version of TetraploidMap software (TPM, BioSS). This application fits mixture models to the theta scores distribution of the offspring and uses expected probabilities given the parental configurations as mixture proportions. It also provides the % variance of the theta score explained by configuration and shows maximum residuals to see if possible double reduction products are present (Hackett et al. 2013) . As the analyses for linkage and QTL mapping assume random chromosomal segregation and no double reduction, SNPs with maximum residual values greater than 0.25 were inspected for potential double reduction products. Additional filtering steps were subsequently performed to exclude duplicates (cosegregating) and SNPs with .10% missing genotype calls.
Linkage map construction and QTL analysis
Linkage map construction and QTL analysis followed the methodology described in Hackett et al. (2013) and Hackett et al. (2014) . Steps for the construction of linkage maps included testing for distorted segregation, clustering SNPs, calculation of recombination fractions and LOD (logarithm of the odds) scores, ordering of SNPs, and inference of parental phase. An SNP marker was excluded as distorted if the significance of the x 2 goodness-of-fit statistic was less than 0.001 for simplex SNPs and 0.01 for duplex and greater dosage SNPs. For QTL mapping, we explored fitting a model of additive effects of each homolog. To establish the statistical significance for QTL, a permutation test was run with a minimum of 200 permutations and a 95% confidence interval for the LOD threshold was obtained as described by Nettleton and Doerge (2000) . Subsequently simple models for the genotype means estimated at the most probable QTL position were explored, as described in Hackett et al. (2014) . The best simple model was identified using the Schwarz Information Criterion (SIC) (Schwarz 1978) as follows:
where L is the likelihood for the simple model, p is the number of parameters in the simple model, and m o is the number of observations (i.e., the 36 genotype means). The best models are those with the lowest value for the SIC (Hackett et al. 2014) . All steps were implemented with a test version of a TetraploidMap extension (C. Hackett, personal communication). MapChart 2.2 software was used for the graphical presentation of linkage maps and QTL (Voorrips 2002) . A high degree of concordance has been reported between linkage maps based on the Infinium 8303 Potato Array and the potato genome sequence (Felcher et al. 2012; Sharma et al. 2013 ). Here, we tested for concordance between the reference genome (PGSC Version 4.03 Pseudomolecules) and our linkage maps by comparing the genetic position (cM) with the physical location (Mb) of each SNP marker. This was performed using the R package MareyMap version 1.2 (Rezvoy et al. 2007) . The plots were generated with the graphical interface MareyMapGUI and the slope of the curve was obtained using the "cubic splines" interpolation method.
Data availability
The raw data collected and analyzed in this study is available in the supplemental files: Table S1 and Table S4 . Additional details for the Results and Discussion are provided in the Supporting Information: Figure S1 , Figure S2 , Table S2, and Table S3 .
RESULTS AND DISCUSSION
SNP genotyping A set of 7157 SNPs from the Infinium 8303 Potato Array maps to unique positions in the current PGSC Version 4.03 Pseudomolecules of the reference potato genome. After initial filtering to remove SNPs with missing theta values, and monomorphic markers, 3867 polymorphic SNPs remained for use in genotype calling. Nearly 95% of this set agrees with previously identified SNPs, from the Infinium 8303 Potato Array, having the ability to distinguish between the three heterozygous marker classes (AAAB, AABB, and ABBB) in 221 tetraploid potato lines (Hirsch et al. 2013 ). An additional 5% is reported here for MSL603. After genotype calling and further quality filtering (SNPs with double reduction, segregation distortion, and missing values), there were 1972 SNPs available for linkage analysis (Supporting Information, Table S1 ).
Markers with significant segregation distortion (P , 0.01) accounted for less than 6% of the 3867 segregating SNPs. Of the 145 distorted SNPs, 105 were duplex or higher dosage and 40 were simplex SNPs. Most of these SNPs were located on chromosomes 1, 2, 10, and 12 (Table 1) . Clusters of distorted markers were observed on chromosomes 2 and 10. The distorted region on chromosome 2 (20 SNPs) spanned~8.5 Mb in the pericentromeric region, and the one on chromosome 10 (21 SNPs) was about 2 Mb length, close to a putative cluster of Verticillium wilt resistance genes on the long arm (PGSC Version 4.03). The remaining distorted markers were scattered throughout the chromosomes or in small groups spanning #1 Mb in length. In tetrasomic inheritance, double reduction is one of the major biological causes of segregation distortion (Luo et al. 2004 ). However, no major effect of double reduction was observed on loci with distorted segregation patterns, suggesting other causes, such as structural chromosome differences or selection for or against particular alleles or allelic combinations due to viability effects (Gebhardt et al. 1991) .
Considering all parental genotypes configurations, simplex (AAAB · AAAA, ABBB · BBBB), duplex (AABB · AAAA, AABB · BBBB), and double-simplex (AAAB · AAAB, ABBB · ABBB) totaled 65% (1278), whereas 35% (694) were between triplex (AAAB · BBBB, ABBB · AAAA) and higher dosages (Table S2) . Thus, with a large number of SNPs n Figure 3 Linkage map of "Jacqueline Lee" chromosome 9. P1: overall map. H12H4: homologous maps. The blue bar corresponds to the two-LOD support interval for the QTL location.
and a wide range of configurations, this dataset is likely to provide informative SNP pair combinations for the detection of linked loci and the estimation of recombination fractions (Hackett et al. 2013; Li et al. 2014) . Moreover, with the incorporation of allele configurations that allow alignment of the parental maps (i.e., shared SNP markers), allele effects from both parents can be studied simultaneously (Hackett et al. 2014) .
Linkage map construction and QTL analysis
Of the 1972 SNPs available for linkage mapping, 1479 were segregating in "Jacqueline Lee" and 1425 in "MSG227-2," with 932 SNPs segregating in both parents. Each of the parental maps spanned a genetic distance of 1072 and 1068 cM, ranging from 76.2 to 117.7 cM, with an average of 121 SNP markers per chromosome and a marker density of 1.36 SNP per cM. Both "Jacqueline Lee" and "MSG227-2" maps covered, on average, 98% of the PGSC v4.03 Pseudomolecules (Table 1,  Table S3 , and Figure 1 ).
Late blight resistance
Plant response to foliar US-8 infection was consistent between the two years of observations (Table 2 and Table S4 ). The RAUDPC mean values obtained from 2002 and 2003 were significantly correlated with each other, with a Pearson's correlation of 0.83 (P , 0.0001). Among the 156 progeny, 46 were classified as resistant (i.e., RAUPDC means were not significantly different from that of the resistant parent "Jacqueline Lee"), 41 as intermediate, and 67 as susceptible (i.e., RAUPDC means were not significantly different from that of the susceptible parent MSG227-2) by the Scott-Knott algorithm (Figure 2) . Two clones were not included in the analysis because of missing data. The broad-sense heritability (H 2 ) for both years showed statistically significant consistency, with a combined H 2 estimate of 0.86. These results indicate a substantial genetic effect and suggest major gene effects for the trait.
When the RAUDPC values were mapped to the linkage maps, the most significant association was detected on chromosome 9. For year 2002, this association had a maximum LOD of 22.1 and explained 39.3% of the trait variance, and for 2003 the maximum LOD was 14.2 and it explained 25.7% of the phenotypic variance (Table 3) . These LOD scores well were above the upper permutation thresholds of 4.43 and 4.75 for 2002 and 2003, respectively. The peak LOD for both years was at 78.0 cM. Examination of different simple genetic models indicated that the best-fitting model was for "Jacqueline Lee," having a simplex allele AAAB with the B allele associated with increase in resistance (P , 0.001) on homologous chromosome 4 (H4, Figure 3 The SNP solcap_snp_c1_10590 maps to the distal end of the long arm of chromosome 9, at position 60.3 Mb of the PGSC v4.03 Pseudomolecules (superscaffold PGSC0003DMB000000280) and is 0.54 Mb distal to a late blight resistance-hotspot region on the adjacent superscaffold PGSC0003DMB000000339. This region harbors Toll/ Interleukin-1 Receptor (TIR)-Nucleotide Binding Site (NBS)-LeucineRich Repeat (LRR) genes and close homologs of the Rpi-vnt1 gene from Solanum venturii (PGSC version 4.03). The hotspot for resistance on the long arm of chromosome 9 is a relatively conserved region among Solanum species ). In addition to TIR-NBS-LRR and Rpi-vnt1-like (NB-LRR) genes, the region harbors a cluster of close homologs of the Tospovirus resistance gene Sw-5 at the distal end Jupe et al. 2012; Smilde et al. 2005; Zhang et al. 2014) . Collectively, these results make the SNP solcap_snp_c1_10590 a prime candidate for MAS.
The source of foliar resistance to P. infestans in "Jacqueline Lee," the cultivar "Tollocan", was derived from the hexaploid Mexican species S. demissum and possibly from local varieties such as "Amarilla de Puebla" and "Leona" (Grunwald et al. 2002) . However, the R genebased late blight resistance in "Jacqueline Lee" had not been determined (Douches et al. 2001) . Solanum demissum is the source of 11 single dominant late blight resistance genes (R1-R11) (Huang et al. 2005; Bradshaw et al. 2006; Hein et al. 2009; Jo et al. 2011; Vleeshouwers et al. 2011) . Two of these R genes, R8 and R9 (R9a, Jo et al. 2015) , have been mapped recently to the long arm of chromosome 9, within the resistance hotspot (Jo et al. 2011; Vossen et al. 2014; Jo et al. 2015) .
By comparing the genetic location (cM) with the physical position (Mb) of each marker on chromosome 9, we assessed the concordance between the genetic and physical maps. The resulting graphs displayed the expected shape and fit well with chromosome structure (Figure 4 ) (Felcher et al. 2012; Sharma et al. 2013) . Thus, the detection of a major effect QTL for late blight resistance on the long arm of chromosome 9 of "Jacqueline Lee," along with the identification of a candidate SNP (solcap_snp_c1_10590) associated to this QTL, provides strong evidence for the location of genes controlling the trait. Whether a single gene or multiple genes from this region are responsible for late blight resistance requires further investigation. The phenotypic resistance in the MSL603 population departed from a 1:1 segregation, with a bias toward susceptibility. A single gene with strong environmental effects, multiple R-genes with both qualitative and quantitative effects, conditional QTL (Li et al. 2012) , or other genetic factors underlying the trait could explain this segregation pattern. In addition to the major QTL on chromosome 9, the probability of a minor effect QTL on the distal end of chromosome 11, close to a cluster of NB-LRR genes (Jupe et al. 2012 ) cannot be ruled out. The occurrence of this minor effect QTL however needs to be confirmed, as only one year (2002) was statistically supported (data not shown).
Maturity "Jacqueline Lee" is a selection from a cross between the late-maturing Mexican variety "Tollocan" and the early-maturing variety "Chaleur" (De Jong et al. 1995) with mid-season maturity (Douches et al. 2001) . In this study both parents showed similar phenotypic scores ranging from early mid-season to mid-season maturity. The population mean was slightly lower than the two parents, whereas the population trait values showed a wide range of phenotypic variation (Table 2 and Table  S4 ). When the mean values were mapped, a significant association was found on chromosome 5. (Table 3) . Exploration of different genetic models indicated that there is not a simple model explaining the trait variance. However, there is a possibility for a duplex-simplex configuration with a duplex marker on "Jacqueline Lee" and a simplex marker on "MSG227-2", suggesting a QTL with allele effects from both parents ( Figure S1 ). The closest SNP with a duplex-simplex configuration (BBAA · BAAA) is the SNP solcap_snp_c2_22986 at 20.6 cM with the B allele associated with increase in lateness (P , 0.0001). Thus, progeny with two or three copies of the B allele (AABB, ABBB) showed on average later maturity than progeny with none or a single copy (AAAA, AAAB). Regression of the maturity values on the genotype of this SNP further explained 19.0% of the phenotypic variance for 2002 and 16.0% for 2003.
The SNP solcap_snp_c2_22986 maps to the distal end of the short arm of chromosome 5 at position 4.28 Mb on the ATP-dependent helicase gene (PGSC0003DMG402030493) of the reference Potato (Solanum tuberosum group Phureja DM1-3 516 R44) PGSC v4.03 Pseudomolecules. This SNP (solcap_snp_c2_22986) is~0.25 Mb from the StCDF1 (Solanum tuberosum CDF gene 1, PGSC0003DMG400018408) gene, which is a candidate gene for the plant maturity phenotype in potato (Kloosterman et al. 2013) . Similar to what was observed in chromosome 9, the comparison of the genetic location (cM) with the physical position (Mb) of each marker on chromosome 5 showed a high degree of concordance ( Figure S2 ). Combined, these results provide strong evidence for the location of genes controlling the trait. Further validation of solcap_snp_c2_22986 could potentially lead to a diagnostic marker for maturity.
The present study reports for the first time the major source of late blight resistance in "Jacqueline Lee." This cultivar is a unique source of resistance to P. infestans. It has exhibited consistently high levels of resistance not only to US-8 (Douches et al. 2001; Douches et al. 2004; Young et al. 2009 ) but also to US-22 and US-23, which have affected Michigan and the Northeastern United States (Rojas et al. 2014) . With the availability of a genome-wide set of genetic markers and the recently developed statistical tools for genetic linkage analysis and QTL mapping that incorporate allele dosage information, we were able to identify a major-effect QTL and a candidate SNP marker associated with a decrease in late blight infection. With this information in place, the phenotypic variation for the trait can be linked directly to the potato reference genome. Thus, the location of the candidate SNP, close to the late blight resistant hotspot on chromosome 9, provides a strong statistical support for the NB-LRR gene-based resistance. This study also reports a major-effect QTL and a SNP marker associated to plant maturity on chromosome 5. The presence of this QTL not linked to the QTL for late blight resistance offers the possibility of using MAS for resistance independent of the selection for plant maturity. 
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